Purpose Tissue repair in musculoskeletal injuries is often a slow and sometimes incomplete process. Regenerative medicine based on the use of growth factors (GFs) and cell therapy is aimed at improving the quality and speed of tendon and ligament healing. The aim of this study was to evaluate the potential for the administration of a combination of autologous platelet-rich plasma (PRP) and freshly isolated bone marrow mononucleated cells (BMMNCs) in 13 competition horses affected by overuse musculoskeletal injuries (suspensory ligament desmopathy and superficial flexor tendinopathy) and refractory to other therapies. Methods After ultrasonographic localisation of the lesion, the autologous BMMNC suspension and PRP were injected directly into the core lesion. BMMNC and platelet count as well as growth factors in PRP were measured to determine factors influencing the clinical outcome. Results Horses showed a marked improvement in their degree of lameness and 84.6% were able to return to competition. Among all the factors studied, the platelet concentration predicted the healing time: significantly faster recovery (p= 0.049) was observed in cases of PRP with more than 750× 10 3 /μl platelets. Conclusions Competition horses are involved in highly demanding activities, thus being a similar model for the high mechanical overload typical of human athletes. The promising results obtained suggest that this combined biological approach may be useful even for the treatment of recalcitrant overuse musculoskeletal injuries in highly demanding patients if the appropriate dose of cells and GFs is applied.
Introduction
Chronic painful musculoskeletal disorders are common debilitating conditions, and the real cost of these injuries to society is remarkable [1] . In sports patients or professional athletes the impact on life and work is even greater, and the fast recovery of full efficiency and return to competition is of primary importance. Tissue repair in musculoskeletal injuries is often a slow and sometimes incomplete process, and the treatment options available may offer incomplete recovery and difficulties in returning to high activity level [2, 3] .
Recently, regenerative medicine and tissue engineering have focused on the use of growth factors (GFs) and cell-based therapy to improve the quality and speed of healing in tendons and ligaments [4] . GFs are important signalling molecules involved in connective tissue healing, regulating many aspects of cellular metabolism, such as cell proliferation and differentiation, and extracellular matrix synthesis [5] . Platelet products, such as platelet-rich plasma (PRP), are a great reservoir of GFs and cytokines. In fact, activated platelets secrete GFs, such as platelet-derived growth factor (PDGF), transforming growth factors (TGFs), insulinlike growth factor (IGF), epidermal growth factor (EGF), vascular endothelial growth factor (VEGF), and many other bioactive molecules that enhance angiogenesis and increase the proliferation of undifferentiated mesenchymal stem cells (MSCs) [6, 7] .
MSCs are known to be pluripotent precursors of connective tissues, and they may play an important role in favouring musculoskeletal tissue healing [8, 9] . The delivery of bone marrow mononucleated cells (BMMNCs) has been described as an alternative procedure to grafting MSCs in injured tissues, and preclinical studies have shown promising results for the treatment of tendinopathy [10, 11] . Analogous animal models have also suggested the usefulness of platelet concentrate for the treatment of tendon damage, leading to the application of PRP in humans, where the first reports seem to confirm the potential of PRP to increase the tissue healing potential [12, 13] . However, both treatment approaches raise controversies, due to the lack of scientifically robust studies demonstrating their effectiveness unequivocally, contradictory results in some therapeutic applications, and to the only partial clinical efficacy of these biological regenerative methods documented in other studies [4, 14] .
A combination of both autologous MSCs and platelet derived GFs, locally administrated, could be a valid solution in order to further increase the potential of these techniques, enhancing synergically the regenerative process as suggested by some recent studies [15, 16] .
The aim of our study was to evaluate the potential of the combined biological procedure of autologous PRP and freshly isolated BMMNCs administration in competition horses affected by overuse musculoskeletal injuries and refractory to other therapies. A secondary aim was to determine factors influencing the clinical outcome, in order to give indications for future studies and improve the potential of this regenerative approach.
Materials and methods

Study design
Thirteen adult competition horses (Table 1) were enrolled in the study with the informed consent of their owners. The pathologies arose between two and 12 months before BMMNCs and PRP treatment. The horses had been previously treated with rest, pharmacological (steroidal and non steroidal anti-inflammatory drugs, blistering, hyaluronic acid injections) and non-pharmacological (rehabilitation protocols) therapies without improvement.
Horses were examined clinically (lameness grade, standing and moving anamnesis, presence of pain, oedema or swelling) and by an ultrasound system (Aloka 500 SSD, Aloka Holding Europe, Zug, Switzerland) by the same veterinarian, including perineural and intra-articular regional anaesthesia when necessary to precisely localise the lesion. The lameness grade score ranged from 0 to 5 in accordance with the American Association for Equine Practitioner's criteria (1991). Horses were treated with their own PRP and one-step isolated BMMNCs. After a 12-month follow-up, lameness grade and ultrasonography were re-evaluated. Adverse events and healing time, that is the measure of time required to return to pre-injury activity level, other than return to competition, were also recorded.
PRP preparation
Equine whole venous blood was collected with sodiumcitrate. PRP form a three-dimensional fibrin gel able to retain BMMNCs into the lesion site. Platelets were counted on whole blood and PRP. The platelet concentration factor was calculated by dividing the number of platelets in the PRP and the number of platelets in the whole blood.
Growth factor measurements
Aliquots of basal plasma and CaCl 2 -activated PRP (aPRP) were assayed in eight horses within one hour from activation to measure the GF content by means of specific enzyme-linked immunoassay (Quantikine Immunoassay, R&D Systems, MN, USA) for transforming growth factor-β1 (TGF-β1), platelet derived growth factor-AB (PDGF-AB), epidermal growth factor (EGF), vascular endothelial growth factor (VEGF), insulin-like growth factor (IGF) and interleukin 1β (IL-1 β) following manufacturer's instruction. Cross reaction of antibodies of these kits with equine GFs has been reported [17] .
BMMNCs isolation
A sterile 50-ml syringe containing heparin was attached to a 16-gauge bone-marrow needle inserted into the posterior tuber coxae: bone marrow (40 ml) was aspirated and immediately processed by isopyknic centrifugation. Briefly, cells were isolated by density gradient medium (FicollPaque, density 1.077 g per ml, Sigma-Aldrich, MO, USA), washed, counted in a haemocytometric chamber and resuspended in PRP for immediate transplant.
PRP-BMMNC transplant and post-treatment protocol
The affected area of the limb of each horse was shaved and disinfected (Betadine, Meda, Milan, Italy). The horses were locally sedated (Lidocaine 2%, Aziende Chimiche Angelini, Rome, Italy). After ultrasonographic localisation of the lesion site, the autologous BMMNCs suspension and aPRP (range, 4-7 ml) were slowly injected directly into the core lesion. The animals were clinically evaluated 48 hours after the injection and then weekly. All horses underwent a one-year follow-up evaluation. The animals were maintained at a very low-level of exercise activity (hand walking) for a one-month period. Then, when symptom-free, after a warm-up walk, they trotted for five minutes, increasing intensity every week until entering a complete training protocol including walking, trotting and galloping.
Statistical analysis
All continuous variables were expressed in terms of mean± standard deviation of the mean if normally distributed, median and 25th and 75th percentiles were used otherwise. The Kolmogorov Smirnov test was performed to test the hypotheses about normality. The Wilcoxon test (exact method) for small samples was performed to test the differences of means between basal level and follow-up. Mann Whitney test (exact method) was used to test the differences between groups. Spearman rank correlation analysis was performed to investigate relationships between two quantitative measurements. For all tests p<0.05 was considered significant. Statistical analysis was performed by means of SPSS 15.0.
Results
PRP and BMMNCs
Data on PRP preparation and BMMNCs isolation for each animal are summarised in Table 2 . The mean number of platelets was 144×10 
Growth factor measurements
Evaluation of GFs and IL-1ß in plasma and aPRP samples was performed in eight horses and is summarised in Table 3 . The analysis of results revealed that when PRP was activated, the platelet degranulation was responsible for the release of a greater amount of GFs in the supernatant as reflected by the higher values of GFs achieved in the aPRP samples in comparison with plasma values (p<0.0005). IL-1ß values also significantly increased in aPRP in comparison with basal plasma.
Clinical outcome
None of the enrolled animals had any major adverse reactions as a result of the transplant, either locally or systemically. Two of them developed swelling after the treatment that gradually resolved within one month. The rehabilitation program was well tolerated. All horses showed a marked improvement (p<0.0005) in their degree of lameness: from a mean of 2.0 (range, 1-4) to a complete absence of symptoms at 12 months. All animals treated returned to pre-injury activity level after 2-12 months of rehabilitation. Eleven of them (84.6%) were also able to return to competition, whereas two of them (the ones who experienced adverse events) did not go back to races (Fig. 1) . Ultrasonographic examination was negative in all animals (Fig. 2) .
Further analysis was performed in order to evaluate the parameters that influenced the clinical outcome. Age, sex, aetiology, level and duration of symptoms did not show any influence on the results. PRP was the only parameter that predicted 'healing time' (Fig. 3) . In particular, significantly faster recovery (p=0.049) was observed in cases of PRP with more than 750×10 3 /μl platelets (2.8±0.4 months) with respect to horses who received less concentrated PRP (7.9± 4.3 months) (Fig. 4) . In our series no effect of the BMMNCs concentration was found. However, the two horses who did not go back to competition received both the lower amount of platelets and BMMNCs (Fig. 5) .
Discussion
In this study we evaluated the use of combined administration of PRP gel and freshly isolated autologous BMMNCs for the treatment of musculoskeletal overuse injuries in competition horses. As for humans athletes, tendon and ligament overuse injuries are frequent and severe pathologies in competition horses [18] . Tendons heal slowly, and rarely recover their original properties of strength, elasticity and function. Moreover, the increased stiffness of scar tissue also exerts increased strain, resulting in a high incidence of recurrent injury [18, 19] . The lack of efficacy of current treatment strategies explains the wide research and numerous studies in this animal model. The knowledge gained from animals subjected to mechanically demanding activities may be useful for advances in this research field and could be subsequently translated into the clinical practice in humans.
Regenerative medicine aims to favour the healing of the tissue recovering its original functional properties.
Recently, there has been particular interest in platelets and mesenchymal cell therapy for tendon repair, especially in racehorses. Several studies have tested the efficacy in tendon repair of cultured and expanded BMMNCs [20, 21] , whereas there are only two studies investigating the potential of freshly harvested and transplanted BMMNCs in promoting horse tendon healing, with interesting results [10, 22] . In our study, the one-step BMMNC isolation was preferred, avoiding the laboratory culture expansion, that requires a three-week period and high costs. An increasing number of surgeons prefer the injection of marrow concentrate [10, 23] because it allows concentration of the relatively few stem cells, and production of a cell pool with minimal cell manipulation and with no risk of cell transformation during in vitro growth. Moreover, reports indicate that laboratory cell handling affects and limits bone marrow proliferative and functional capacities after a prolonged culture, leading to a reduced repair potential [4] . Furthermore PRP is a simple, low cost and minimally-invasive procedure, and is currently being tested in different fields of medicine for its ability to aid the regeneration of tissue with a low healing potential [5] . Preclinical and clinical studies support its use for tendon and ligamentous lesions [12, 13] ; in fact, PRP has the theoretical advantage of containing various GFs and molecules with a natural balance of anabolic and catabolic functions, capable of optimising the tissue environment in favour of the healing process [24] . Response to injury is coordinated and regulated by mediators and cellular events; in this view, the association of both platelet derived GFs and MSCs would reasonably appear to be a potentially valid and successful treatment approach. Moreover, PRP gel may serve also as a scaffold to homogeneously entrap and retain autologous MSCs in the lesion site, in addition to increasing their proliferation and therefore enhance sinergically the healing capacity. Fig. 3 Correlation between platelet concentration and healing time Fig. 1 Return to competition and time required: 11 horses (84.6%) were able to return to competition, whereas two of them did not go back to races Although many in vitro or in vivo investigations of the efficacy of PRP or pluripotent cell transplant separately on tendon regeneration [10] [11] [12] [13] , to our knowledge there is little literature investigating the efficacy of simultaneous administration of both. Del Bue and colleagues showed promising findings evaluating the tendon repair potential of the association between platelet concentrates and allogenic expanded adipose-tissue derived mesenchymal stem cells in 16 horses affected by tendonitis; they found a functional recovery in 14 treated horses [15] .
We analysed 13 competition horses affected by overuse musculoskeletal injuries and treated with PRP gel and freshly isolated autologous BMMNCs. Eleven horses (84.6%) were able to return to competition and lameness was solved in all of the cases. We also observed that the final outcome was not influenced by the basal condition, thus demonstrating that recalcitrant and more impairing lesions might also benefit from this treatment. No age and sex influence was documented.
Further analysis was performed to assess factors that may influence the clinical outcome. In particular, the proper dose of GFs and cells to be administrated are of primary importance, and need to be determined in order to achieve better results. GFs are potent molecules, and small variations in their concentrations can produce very different effects. The PRP data are in agreement with those of Marx, who stated that a PRP concentrate should reach approximately 400% (4x) of the peripheral blood platelet count [25] . We observed that, at the ranges used in this study, a higher number of platelets correlates with a better clinical outcome, whereas no influence was detected analysing the different BMMNCs concentrations. Nevertheless, the two horses that did not go back to competition received both the lower amount of platelets and BMMNCs. However, the authors firmly believe that the number of cells to be transplanted is not the only parameter to be assessed, but also their proliferative and regenerative capacity should be considered particularly when BMMNCs are isolated from aged or sick animals.
We evaluated GFs and IL-1ß concentration in plasma and aPRP of eight animals in order to document their increased concentration after PRP activation. No correlation between GFs concentration and clinical outcome was found in this study, probably due to the low number and variety of cases. In fact, important variations in GF concentrations were also detected between subjects having very similar platelet counts, as reported by some authors [26, 27] . Platelets are likewise a source of IL-1ß that is involved to varying degrees in stimulating cell chemotaxis, proliferation and maturation, modulating inflammatory molecules and attracting leukocytes [28] . Whether its effects could exert an effective negative role in tissue healing needs to be determined.
Our study has some limitations. First, we do not know what the individual contribution of PRP and BMMNCs to tendon healing is. Nevertheless, clinical observation suggests that treatment with PRP and BMMNCs might be a promising therapy in the management of these overuse injuries, which have low healing potential with traditional therapies. We evaluated two musculoskeletal injuries, both due to overuse, with the same microtraumatic chronic damage mechanism, and affecting connective tissues with low vascularity, cellularity and healing potential; the groups were homogeneous for all aspects, also for the response to treatment, thus demonstrating their similarity and justifying their collective evaluation. Other weak points of our study are the lack of a control group and of histological evaluation. However, this was not a preclinical trial, it was rather an analysis of the preliminary findings obtained with this new combined biological approach in sport horses. This evaluation lacks the high homogeneity of the animal model in scientifically designed trials, but on the other hand allows observation of the outcome in a specific study population; in fact, competition horses are involved in highly demanding activities, thus being a similar model to the high mechanical overload typical of human athletes. Finally, other than the potential of this combined one step approach for the treatment of refractory lesions that failed previous treatments, with fast return to previous activity level in all the horses including racing in 84.6% of the cases, we demonstrated that a higher number of platelets influence the recovery speed (which should be considered in future animal and human applications), whereas horses treated with both a low amount of platelets and BMMNCs failed to return to race competition.
Future randomised controlled studies, applied to a greater number of horses, are needed to confirm these results. Moreover, PRP or BMMNCs concentrations effects need to be investigated, as well as the role of the many other bioactive molecules obtained and delivered to the lesion site with this combined biological procedure.
